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Previous work on YBa2Cu3O7−x (YBCO) + BaSnO3 (BSO) films with a single
composition showed significant critical current density (Jc) improvements at higher
fields but lowered Jc in low fields. A detailed study on BSO concentrations provided
here demonstrates that significant Jc enhancement can occur even up to 20 mol% BSO
inclusion, where typical particulate inclusions in these concentrations degrade the YBCO
performance. YBCO + BSO films were processed on (100) LaAlO3 substrates using
premixed targets of YBa2Cu3O7-x (YBCO) with additions of 2, 4, 10, and 20 mol% BSO.
The critical transition temperature Tc of the films remained high (>87 K), even with
large amounts (20 mol%) of BSO. YBCO + BSO films showed a gradual increase in
Jc at high fields as the amount of BSO was increased. More than an order of
magnitude increase in Jc was measured in YBCO + BSO samples as compared to
regular YBCO at 4 T. YBCO + 10 mol% BSO films showed overall improvement at
all the field ranges while YBCO + 20 mol% BSO was better only at high fields.
Transmission electron microscopy revealed the presence of ∼7–8-nm-diameter BSO
nanocolumns, the density of which increased with increasing BSO content correlating
well with the observed improvements in Jc.

I. INTRODUCTION

It is important to provide flux pinning enhancement in
YBa2Cu3O7−x (YBCO)-coated conductors to achieve
high critical current densities (Jc) in applied magnetic
fields. Such high-Jc conductors are necessary for electri-
cal power applications such as generators and motors,
etc., where high magnetic fields are experienced.1,2

Nanoparticle incorporation3–6 and rare-earth ion doping7–9

provide flux pinning centers and are very effective at im-
proving the Jc of YBCO films. In the literature, different
groups have shown that nanoparticles can be introduced
by different approaches such as multilayers,3 premixed
targets,4 or sectored targets,6,10 etc., employing pulsed
laser ablation. Different materials such as Y2BaCuO5,
BaZrO3, BaSnO3 (BSO), Ir, yttrium-stabilized zirconia,

and Y2O3
3–6,11–14 have been investigated for their effec-

tiveness as flux pinning centers. Pulsed laser deposition
(PLD) offers a rapid investigation route to determine the
compatibility between YBCO and the nanoparticle ma-
terials. It is helpful to develop an understanding of the
structure–property relationships before adopting nano-
particle additions to other industrial YBCO deposition
techniques such as metalorganic deposition (MOD) and
metalorganic chemical vapor deposition (MOCVD).

We have recently shown that YBCO + BSO films
processed by a dual phase sectored-target approach using
a BSO wedge on a YBCO target tend to form BSO
nanocolumns that extend through the thickness of the
YBCO films.15 More than an order of magnitude im-
provement of Jc in these films at high fields was ob-
served as compared to regular YBCO,10 but they showed
a lowered Jc in low fields. Mele et al. recently confirmed
the benefits of BSO additions to YBCO,16 as well. In
addition, we have also demonstrated that the curves in
flux pinning force (Fp) versus magnetic field plots of
these films show the presence of dual peaks with net

a)Address all correspondence to this author.
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maxima (Fpmax) shifted to higher fields as compared to
regular YBCO17 or with other additives. However, it was
not clear if the improvements and dual peaks in Fp plots
observed in the previous study were due primarily to
BSO content alone or in part to the particular method of
incorporating the material into the YBCO matrix. Also,
neither our study10,17 nor the Mele et al. study16 consid-
ered the effects of varying BSO content and whether
some optimal content could be identified for a given
magnetic field range. To address these issues, a separate
systematic study was undertaken where YBCO + BSO
films with increasing concentrations of BSO were made
to study the composition–structure–property relation-
ships.

II. EXPERIMENTAL

Commercially available YBa2Cu3O7−x powders (Nex-
ans, Hurth, Germany) and BaSnO3 powders (Cerac, Mil-
waukee, WI) were used to make the targets to deposit
YBCO + BSO films with different compositions. The
starting powders of BaSnO3 were −325 mesh size. No
nanomaterials of BSO were used to make these targets.
Different amounts of YBCO and BSO powders were
weighed and mixed to make the final targets with 2, 4,
10, and 20 mol% BSO in YBCO. The powders were well
mixed with a mortar and pestle to obtain homogeneous
mixtures. Disks with the dimensions of 1-in. diameter
and 0.25-in. thickness were pressed using a hydraulic
press. These disks were sintered at 920 °C for 170 h in air
to obtain a final density >90% theoretical density.

Pulsed laser deposition was done in a Neocera (Belts-
ville, MD) chamber using a Lambda Physik (Santa Clara,
CA) excimer (KrF) laser (� � 248 nm). All the films
were grown under identical conditions of 300 mTorr
oxygen pressure, 2 J/cm2 energy density, 4 Hz rep rate, a
substrate-to-heater distance of 6 cm, and a deposition
temperature of 780 °C. All the films were oxygen an-
nealed at 500 °C for 30 min in 600 mTorr of oxygen
pressure inside the chamber. Films up to a thickness of
approximately 300 nm were deposited on (100) LaAlO3

substrates. The film thickness and deposition conditions
of all the different film compositions were similar so that
the microstructure and properties of the films could be
correlated with the BSO content alone, while effects due
to other factors were minimized.

An x-ray diffractometer was used to obtain �-2� scans
on the films to verify the film orientation and composi-
tion of the YBCO + BSO films. The critical transition
temperature (Tc) was measured by an alternating current
(ac) susceptibility method, and the critical current density
(Jc) as a function of applied magnetic fields was meas-
ured using a vibrating sample magnetometer (VSM;
Quantum Design PPMS, San Diego, CA). The VSM data
were used to determine the Jc at both 77 and 65 K up to

9 T, employing the Bean model. A KLA Tencor pro-
filometer (Milpitas, CA) was used to determine the film
thickness, and these values were then used in the calcu-
lations to obtain the magnetization Jc. The microstruc-
tures of the films were observed using a SIRION scan-
ning electron microscope (SEM; FEI, Hillsboro, OR).
Cross-sectional and plan-view transmission electron
microscopy (TEM) studies on all samples were per-
formed using a Philips CM200 analytical electron micro-
scope (FEI) with a point-to-point resolution of 0.21 nm.
All the TEM samples were prepared through a conven-
tional TEM sample preparation routine including cutting,
gluing, grinding, polishing, and precision ion polishing.

FIG. 1. X-ray �-2� scan patterns scans of various YBCO + BSO films.

FIG. 2. Tc variation in YBCO + BSO films with varying BSO content.
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III. RESULTS AND DISCUSSION

Figure 1 shows the �-2� scan patterns (normalized
with the highest peak intensity of each sample) of dif-
ferent films processed in this study. It can be seen that all
the films are c-axis-oriented, showing only YBCO (00l)
peaks. Peaks corresponding to only the BSO (200) re-
flections were noted at ∼44°, indicating that BSO is also
well oriented in the films. In addition, the intensity of the
BSO (200) peaks increased as the mol% of BSO in the
films was increased, indicating that the (200) orientation
was maintained as the BSO content increased. No addi-

tional peaks corresponding to any other phases were ob-
served, indicating that the BSO is probably inert in
YBCO at these processing conditions.

The Tc values of different YBCO + BSO films are
plotted in Fig. 2 as a function of BSO content. It can be
seen that a high Tc of ∼92 K was found for the YBCO +
2 mol% BSO films, which is similar to plain YBCO
films; however, as the content of BSO was increased, a
gradual decrease in Tc was observed. Even though the
films had 20 mol% BSO content, they still showed a
reasonably high Tc of 87 K. These results are in stark
contrast to BaZrO3 (BZO) additions to YBCO films
where a significant drop in Tc was observed18,19 when the
BZO content was increased. It is possible that some Sn
diffusion into YBCO films can occur during PLD. It has
been shown previously that a drop in Tc can be expected
if Sn is substituted for Cu sites in bulk YBCO.20 The
observed minor drop in Tc may be attributed to these Sn
substitutions or to the total strain in the YBCO lattice due
to a lattice mismatch between BSO and YBCO that may
increase as the BSO content is increased; however, it
appears that these effects are limited and do not reduce
the Tc significantly below 87 K, even up to 20 mol% of
BSO additions. It should be noted that even though the Tc

in YBCO + 20 mol% BSO films is lowered to 87 K, it is
still much higher than the operating temperature of many
applications (77 or 65 K), and the effect of Tc reduction
on Jc seems to be minimal at these temperatures, as will
be discussed later.

Figure 3 shows the magnetization Jc of YBCO + BSO
films with different amounts of BSO at 77 and 65 K as a
function of magnetic field in the H//c orientation. It can
be seen that the YBCO + BSO films show more than an
order of magnitude improvement over regular YBCO
films at fields >4 T and nearly 2 orders of magnitude
improvement at even higher fields >6 T. Even at lower
fields (<2 T), the improvement is significant in low
doping levels of BSO (e.g., YBCO + 10 mol% BSO)
samples. At low fields, the amount of BSO in the films
does not participate in the flux pinning enhancement (due
to a lower density of fluxons) and detracts from the overall
superconducting volume of the film. For the YBCO +
20 mol% BSO films, the observed decrease in Jc below 1 T
is due at least in part to this contribution of non-
superconducting volume of BSO in the films. However,
due to a large number of fluxons, the interaction between
the BSO nanocolumns (to be discussed later) and fluxons is
more fully utilized and results in enhanced pinning as evi-
denced by the significantly increased Jc at high fields.
Transport current Jc measurements taken on one of the
samples (YBCO + 20 mol% BSO) correlated well with the
magnetization Jc data presented here, especially at high
fields. However, the magnetization Jc in low fields (<4 T)
was found to be lower than the transport Jc for the reasons
explained above.

FIG. 3. Magnetization Jc of YBCO + BSO films as a function of
applied magnetic field with varying amounts of BSO content as com-
pared to regular YBCO (a) at 77 K and (b) at 65 K.
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Figure 4 shows the 65 K Jc data plotted for YBCO
samples with different BSO concentrations at different
magnetic fields (1–7 T) to more clearly depict the effects
of BSO content on the Jc in these films. It can be clearly

seen that the effect of BSO content on Jc seems to depend
upon the field of measurement. For example, self-field Jc

or Jc at low fields (<3 T) decreases slightly by increasing
the BSO content from 2 to 20 mol%. However, with the
same change in composition, the Jc was found to increase
significantly at higher fields such as 5 or 7 T. It should
be noted that all the films show improvement over regu-
lar YBCO data (shown as a sample of YBCO + BSO,
0 mol%, Fig. 4) at high fields. The optimum level seems
to be 10 mol% BSO for the applications below 3 T. For
higher field applications, a higher level may be suitable,
although the improvements in Jc seem to indicate that it
could approach a plateau above 20 mol%. However, it
should be noted that higher amounts could further reduce
the low-field Jc data, even though slightly higher Jc at
high fields may be obtained. In the YBCO + BSO films
with higher BSO amounts (∼30 mol%) prepared with a
30° BSO wedge, such degradation in low fields was ob-
served, even though high field performance was en-
hanced.10 Thus, it appears that the optimum BSO content
in YBCO depends upon the intended application. YBCO
+ 10 mol% BSO seems to have optimum performance in
the magnetic field range of 0–4 T and YBCO + 20 mol%
seems to be optimum in 4–9 T range.

The YBCO + 10 mol% BSO films had a low � value
of 0.36, and YBCO + 20 mol% BSO films had an � value

FIG. 4. Magnetization Jc of YBCO + BSO films as a function of the
BSO content at various magnetic fields at 77 K.

FIG. 5. Flux pining force (Fp) of different YBCO + BSO films (a) Fp at 77 K, (b) Fp/Fpmax at 77 K, (c) Fp at 65 K, and (d) Fp/Fpmax at 65 K.
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of 0.38 at 77 K as compared to a regular YBCO film
that usually has an � value of 0.5.21 However, YBCO +
2 mol% BSO had an � value close to 0.5. A lower �
value indicates a less rapid decrease in Jc with an in-
crease in magnetic field. Similar low � values were also
noted in other YBCO films with nanocolumns, and the
present trend of lowered � with increased nanocolumns
is consistent with improved pinning.4,21,22

Figure 5 shows the pinning force Fp versus B plots at
77 and 65 K. Of particular interest is that the Fp peak
maximum (Fpmax) continues to increase in value as the
BSO content is increased at 65 K but only up to 10 mol%
in the case of 77 K. In Figs. 5(b) and 5(d), the normalized
Fp/Fp max versus magnetic field is plotted to show the
shifts in the peak position. It can be seen that the peak
position moves to higher fields as the BSO content is
increased at both 65 and 77 K. The Fp peak in YBCO +
20 mol% BSO occurs at as high as 4 T at 77 K. In
addition, the overlapping dual peak structure become dis-
cernible in the Fp plots of YBCO + 20 mol% BSO con-
tent at 77 K, similar to the plots seen in YBCO + BSO
films containing higher BSO content.17 The presence of
the dual peak structure (where the composite overlapping
dual peak structure has a main peak with a shoulder) in
the Fp plots of YBCO + BSO with higher BSO content as
shown in this work is reproducible from previous work
and apparently is process independent, depending largely
upon the amount of BSO content in the film. The pres-
ence of the dual peak structure and peak shifts in the Fp

plots signify the potential fundamental changes in the
pinning mechanisms that may be operative in the samples
as the BSO content is increased, as previously discussed.17

In SEM characterization of the microstructures, the
presence of 0.4–0.5-�m particles, as well as thoroughly
dispersed nanoparticles, was observed in all the samples.
Figure 6 shows SEM images of a YBCO + BSO (4 mol%)
sample as an example. As the BSO content was in-
creased, the number density of these nanoparticles as
seen in the plan-view SEM images increased. These
nanoparticles could be BSO nanocolumns as seen by
cross-sectional TEM images (discussed later) projected
on a two-dimensional plane. The presence of the larger
particles does occur at times in PLD films and is gener-
ally attributed to particle/grain transfer that happens from
the target to the films. Typically, these large particles are
not expected to participate in the flux pinning enhance-
ment due to their large size as compared to coherence
length of YBCO.

Figure 7 shows the TEM plan-view and cross-
sectional images of different composition samples
(YBCO with 2 and 20 mol% BSO). As the BSO content
was increased, the density of the nanoparticles, as seen in
plan view, also increased. In the cross-sectional TEM,
well-separated uniform-diameter nanocolumns extended
throughout the thickness of the films. It is possible that

the nanocolumns seen in the cross-sectional view ac-
count for most of the nanoparticles observed in the
plan view TEM or SEM. Due to the lattice mismatch
between BSO and YBCO (∼7.7%), Moiré patterns are
observed in the microstructure. Selected-area diffraction
patterns taken from these nanocolumns confirmed that
they are indeed BSO. The number density of these
nanocolumns increased to as high as 1.5 × 1011/cm2 in
YBCO + 20 mol% BSO samples while the average diam-
eter of the nanocolumns remained relatively constant at
∼7–8 nm. The average spacing between them decreased
from 50 to 20 nm as the BSO content was increased from
2 to 20 mol%. It should be noted that although no nano-
particle BSO was used in the target manufacture, the
BSO nanocolumns were formed in the films. It is be-
lieved that the strain in the matrix of the YBCO favors
such nucleation and growth of BSO nanocolumns.

FIG. 6. Scanning electron micrograph showing the BSO nanoparticles
in a YBCO + 4 mol% BSO sample: (a) low magnification micrograph
showing large particles and (b) high magnification micrograph show-
ing nanoparticles in plan view.
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A one-to-one correlation with the microstructure con-
sisting of the BSO nanocolumns and the Jc properties is
clearly seen in the present study. An increase in the num-
ber density of the nanocolumns seems to help to increase
the high-field Jc. Local lattice mismatching and the as-
sociated strain fields continue to help form the nanocol-
umns to a very high density as supported by theoretical
predictions.23 What is apparent is that the BSO nanocol-
umns of similar diameter continue to form even when the
content is increased to 20 mol%, and no coalescence
between the columns is observed. Such a microstructure
is found to be beneficial for Jc property enhancement if
the Tc can be maintained reasonably high.

IV. CONCLUSIONS

The YBCO + BSO films with gradual increase in the
amount of BSO showed a corresponding increase in Jc

and the number density of nanocolumns (∼7–8 nm diam-
eter). With BSO, the Tc remained higher, unlike other
materials, thus allowing the incorporation of a high den-

sity of nanocolumns. Compared to regular YBCO, nearly
two orders of magnitude improvement in Jc was ob-
served in YBCO + 20 mol% BSO films showing a value
of ∼10 5 A/cm2 at 6 T and ∼10 4 A/cm2 at 8 T at 77 K.
In lower fields (0–4T), YBCO + 10 mol% BSO showed
improved Jc over all the compositions. The incorporation
of such a large percentage of non-superconducting ma-
terial into the YBCO matrix has previously degraded its
performance as opposed to the BSO work presented here.
It is possible to tailor the Jc properties of YBCO with
different amounts of BSO for different applications.
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